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Abstract. Shrinkage in concrete structures has been the focus of many studies.
Lately a lot of attention has been given to autogenous shrinkage. Although it may
not be prominent in ordinary concrete structures, in systems with very low water-
to-cement/binder ratio (ultra-high performance concrete for example) it can
become a serious issue associated with the cracking of the structure at early age.
This type of shrinkage develops due to a reduction in the internal relative humidity
of the material and it is also associated to the development of capillary pressure in
the pore system due to receding menisci. A big challenge in studying autogenous
shrinkage is determining the “time-zero”. Given a lack of consensus in literature,
this study aimed to investigate the influence of different estimations of time-zero:
the final setting time determined by both an electronic Vicat apparatus and
ultrasonic measurements; the “knee-point” in the shrinkage curve; and the cap-
illary pressure build-up. Cement pastes with and without superabsorbent polymers
(SAPs) were produced with Portland cement CEM III-B 42.5 N and superplas-
ticizer (Glenium 51, 35% conc.). SAPs have proven to be quite effective in the
mitigation of autogenous shrinkage as they can act as water reservoirs for the
system. Among all methods, the capillary pressure was very suitable for all
mixtures. For those containing SAPs no difference was found in picking the time-
zero with any method. For the one without SAPs and lower w/c the choice of time-
zero based on the setting time led to a different magnitude of autogenous shrinkage
deformation in comparison to the other methods, which could be interpreted as an
underestimation of the autogenous shrinkage deformation.
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1 Introduction

In cementitious materials after contact of water with cement and during hydration,
many changes take place in the material structure. From that moment until the
cementitious material reaches its final setting chemical and physical processes result in
expansion and shrinkage that can initiate cracking in the hardening material. Shrinkage
in concrete structures has been the focus of many studies, and lately a lot of attention
has been given to autogenous shrinkage. Although the autogenous shrinkage may not
be prominent in ordinary concrete structures, in systems with very low water-to-
cement/binder ratio (ultra-high performance concrete for example) (lower than 0.42
(Jensen and Hansen 2001)) it can become a serious issue associated with the cracking
of the structure at early age.

This type of shrinkage is known to be related to a reduction in the internal relative
humidity of the material (consequence of chemical shrinkage) and associated to the
development of capillary pressure in the pore system due to receding menisci (Lura
2003; Bentz and Jensen 2004; Jensen and Hansen 2001). The use of internal curing
agents has proven to be quite effective in the mitigation of this kind of shrinkage and
special attention has been given to the use of hydrogels as they can act as water
reservoirs for the system, keeping its levels of internal relative humidity high for a
considerable time frame (Snoeck 2015; Mechtcherine et al. 2009; Jensen 2008).

One of the main challenges in the study of the autogenous shrinkage in cementi-
tious materials is the determination of time-zero. Some authors refer to it as the time
when the material presents a skeleton structure that can transfer the tensile stresses
along the material and suggest the final setting time as the time-zero (Hammer and
Bjontegaard 2006). Others consider it as the moment when there is a drop in the
internal relative humidity of the material. The drop in relative humidity associated to
the self-desiccation results in an increase in the capillary pressure, which was studied
by Miao et al. (2007) as an indication for the time-zero. Darquennes et al. (2011)
pointed out that the moment of change in the curvature of the shrinkage curve (a knee-
point) could indicate the point from which the chemical shrinkage is no longer capable
of promoting relevant changes in the volume of the material given the existence of
solid skeleton restraining such deformations and for that could also be considered as a
logical choice for the time-zero.

This study was based on a comparison of the deformation due to autogenous
shrinkage in cement pastes with and without superabsorbent polymers as internal
curing agents. Given the lack of consensus in literature, the time-zero was taken as the
final setting time determined by both an electronic Vicat apparatus and ultrasonic
measurements; the so-called “knee-point” observed in the shrinkage deformation curve
of the pastes; and by the build-up in the capillary pressure.
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2 Materials and Methods

2.1 Mixture Compositions

All tests were performed on cement pastes produced with cement type CEM III-B
42.5 N — LH/SR; a polycarboxylate superplasticizer (at a constant dosage of 0.3 m% in
relation to the cement mass; Glenium 51, 35% conc.); and two superabsorbent poly-
mers hereby identified as SAP1 and SAP2.

SAPI1, provided by BASF, is a copolymer of acrylamide and sodium acrylate
produced by bulk polymerization and subsequently ground to a mean particle size
(Dso) of 40 pm and absorption capacity of 27 g of water per g of SAP in cement
paste. SAP2, produced by ChemStream, consists of the co-monomer NaAMPS
(2-acrylamido-2-methyl-1-propanesulfonic acid sodium salt), diluted with a non-
charged or neutral monomer ACMO (acryloyl morpholino acrylate), and has a mean
particle size (Dsg) of 100 um and absorption capacity of 50 g of water per g of SAP in
cement paste. In both cases the absorption capacity was measured by means of com-
paring flow table values (EN 1015-3 (CEN, 1999) 10 min after the first contact of the
dry SAPs with water in the paste. Information on the composition of the pastes can be
found in Table 1. The mixing procedure adopted for all the mixtures followed the
standard NBN EN 196-1 with the superplasticizer added after the water.

Table 1. Composition of the cement pastes

Mixture Effective w/c Total w/c Amount of SAPs Amount of
[m%]* superplasticizer [m%]*
REF0.30 0.3 0.3 0 0.3
REF0.354 |0.354 0.354 0 0.3
SAP1 0.3 0.354 0.2 0.3
SAP2 0.3 0.4 0.2 0.3

“m% versus cement

The 0.30 w/c ratio was chosen, as this REF mixture would show pronounced
autogenous shrinkage. The second reference, REF0.354 was included based on the
theory of Powers and Brownyard (1948) which was adapted by Jansen and Hansen
(2001) for the case of internal curing. According to their study, and additional amount
of water corresponding to w/c = 0.054 stored in the SAPs is enough for an effective
internal curing in mixtures produced with ordinary Portland cement. The mixtures with
SAP1 and SAP2 contain the minimum amount of SAP and additional water that was
found to effectively mitigate the autogenous shrinkage.

The experimental program was based on the measurement of the autogenous
shrinkage deformation of the mixtures; the hardening of the mixtures studied by means
of Vicat test and ultrasonic pulse velocity (UPV); the build-up in the capillary pressure.
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2.2 Measuring the Autogenous Shrinkage

The autogenous shrinkage was assessed according to the standard ASTM C1698-09.
The test consists of the measurement of the deformation of specimens in corrugated
tubes with a nominal length of 425 &+ 5 mm and a diameter of 29 £ 0.5 mm. The
specimens were placed on metallic supports with one linear variable differential
transducer (LVDT) with a range of 5 mm on one end. The other end was restrained in
movement. The measurements were performed continuously every 10 min for 7 days
in a room with controlled humidity (60 & 5%) and temperature (20 &= 1 °C). The
knee-point in the curve was determined as the point with a (local) absolute maximum
value of strain in time, immediately followed by a reduction in the strain values. After
this point a change in the deformation rate was observed for all mixtures, thus being
considered as the point of solid-fluid transition.

2.3 The Hardening of the Mixtures

The final setting time of the mixtures was studied by means of an electronic Vicat
apparatus in compliance with EN 196-3. The UPV was determined with a FreshCon
equipment (Reinhardt and Grosse 2004) using compressive pulse waves. The mea-
surements were automatically performed each five minutes during 48 h with an
amplifying voltage of 450 V. The final setting time was then approximately determined
based on the first derivative of the wave velocity in time. The maximum value of the
derivative was chosen, representing the point where the rate of increase in the wave
velocity switches to a slower pace.

2.4 The Build-Up in the Capillary Pressure

A small pressure transducer (RVAP0O15GU, Sensortronics) monitored the development
of the capillary pressure, from the voltage variation due to the water flow, every 10 min
for 24 h. The test apparatus (Fig. 1) consists of a plastic cup (400 mL) where a plastic
tube is inserted with a piece of sponge at one end and the pressure transducer on the
other. Right after a continuous flow of water could be observed in the narrow plastic
tube, the transducer was inserted at the outer end of the tube and the measurement of
voltage was continuously recorded.

Fig. 1. Set-up for capillary pressure test
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3 Results and Discussion

From Figs. 2, 3, 4 and 5 the shrinkage strain is compared with the development of
capillary pressure for each mixture. The time corresponding to the knee-point of the
shrinkage curve, final setting with both Vicat and UPV is also indicated.

In the reference with a w/c of 0.30 (Fig. 2) the knee-point coincides with the break-
down in the pressure and both occur first. The Vicat and the FreshCon thresholds show
points very close in time but with a later occurrence in comparison with the others. The
lower amount of water in the system (in comparison with all mixtures studied) causes
the matrix to reach the fluid-solid transition earlier and that is immediately followed by
the build-up/breakdown in the capillary pressure.

Shrinkage strain Relative Voltage
[um/m] (mvV)

0 € 12 18 24 30 € 2 8
0 \ 1350
| Knee-point
1000 capillary |
pressure |
\ upv
2000 \ |
| icat
3000 i Shrinkage
4000 - ' E 1

Time [h]

Fig. 2. Shrinkage strain and development of capillary pressure for the mixture REF 0.30

In the reference with w/c of 0.354 (Fig. 3) the same sequence for knee-point,
FreshCon and Vicat is found. The capillary pressure shows a breakdown that is delayed
in comparison to the rest but coincident with the final setting determined with the Vicat
apparatus.
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Fig. 3. Shrinkage strain and development of capillary pressure for the mixture REF 0.354
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Due to the higher amount of water in REF0.354 in comparison with REF0.30, the
pores formed after the transition take longer to be empty so the time when the radius of
the water menisci changes and the moment of breakdown in the pressure are both
delayed, occurring around the final setting. According to Bentz and Jensen (2004), the
formation of a stable solid skeleton is an essential condition for the self-desiccation, but
it does not necessarily mean that this phenomenon will take place immediately after the
formation of the skeleton when it comes to mixtures with w/c around or higher than 0.42.

In the mixtures containing the SAP1 (Fig. 4) and SAP2 (Fig. 5), the time-zero
defined by all the different methods are very close meaning that the final setting might
occur right after the transition point and approximately at that moment of pressure
breakdown. In relation to the action of the SAPs as internal curing agents the water of
internal curing causes a delay in the moment when the pressure breakdown occurs, in
relation to the reference with a w/c of 0.3.

Shrinkage strain Relative
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Fig. 4. Shrinkage strain and development of capillary pressure for the mixture SAP1
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Fig. 5. Shrinkage strain and development of capillary pressure for the mixture SAP2

All the mixtures with a total w/c higher than 0.3 showed a delay of about six hours
in the moment for the pressure breakdown. This could also indicate a delay in the
moment of crack initiation due to autogenous shrinkage. From this point of view, it
might appear that the reference with w/c 0.354 is as efficient as the mixtures with SAPs
in terms of controlling the self-desiccation, which is not the case and will be shown in
the next part of the discussion.
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Picking the time-zero based on different methodologies can influence the correct
analysis of the autogenous shrinkage depending on the composition of the mixture.
Figure 6 shows the autogenous shrinkage strain of all pastes during the first seven days
of age with different choices for time-zero. For the REF with a w/c of 0.3 the time when
the maximum voltage was recorded in the capillary pressure test was compared to the
final setting time determined by the Vicat. For REF0.354 the knee-point versus the
maximum voltage was plotted. Given the proximity of the results in the mixtures with
SAPs only the moment of maximum voltage was chosen.

Autogenous
strain [um/m]

SAP1 and SAP2 zeroed with the capillary pressure
150 /

4 5 6 7

REF 0.354 zeroed at the knee-point
/

-650 REF0.354 - zeroed with the capillary pressure

-850 .
REF0.3 - zeroed with

-1050 the capillary pressure

REF 0.3 zeroed at the final setting
;
£

-1250
Time [days]

Fig. 6. Autogenous deformation for all mixtures with different zero-times

In the REF0.3 the choice of time-zero based on the final setting would lead to an
underestimation of the autogenous shrinkage strain with a difference around 200 pm/m.
Regarding the REF0.354 even though a difference in time was obtained between the
occurrence of the knee-point and the breakdown of pressure, no significant difference
was found in the autogenous shrinkage strain. The same can be extended to the mixtures
with SAPs, where all the test methods tend to converge to a same point in time.

4 Conclusion

The build-up of capillary pressure is a phenomenon that has been already associated to
the autogenous shrinkage in cementitious materials. The results in this paper showed it
can be quite precise in estimating the time-zero, following the theories connecting it to
the self-desiccation, and with a good correspondence with other existing methods and
definitions, especially the knee-point in the shrinkage strain curve.

The knee-point could be used as a good approximation for the time-zero in the
mixtures with lower w/c and those containing SAPs. Adopting this method could save
time and material since it does not require extra tests besides the already needed
measurement of autogenous shrinkage. To provide further validation and wider
application of the results shown in this paper a few suggestions for future investigation
can be given: other kinds of cement and w/c should be tested; test different types of
SAPs to verify a possible influence of their chemistry composition in terms of miti-
gating autogenous shrinkage.
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